Recent high-resolution pLGIC structures have illuminated several fundamentals of the gating mechanism^[@R3]--[@R7]^. However, a key missing link is the information on conformational coupling between the different domains and particularly, how the ICD modulates the overall channel function. The ICD plays a role in plasma membrane expression^[@R8]^ and regulates single-channel conductance, rectification, and gating ^[@R9],[@R10]^. Recently, we reported the structure of the full-length mouse 5-HT~3A~R ([Extended Data Table 1a](#T1){ref-type="table"}) in the unliganded-state (referred here as Apo) solved by single-particle cryo-electron microscopy (cryo-EM)^[@R11]^, which revealed the salient features of the resting conformation. To gain insights into the serotonin-activation mechanism, we determined 5-HT~3A~R structure in the presence of 100 μM serotonin by Cryo-EM. High-resolution data collection and processing revealed two distinct populations of the receptor with final 3D reconstructions to overall resolutions of 3.32 Å and 3.89 Å, which we will refer to as State 1 and State 2, respectively ([Extended Data Figs. 1](#F6){ref-type="fig"} and [2](#F7){ref-type="fig"}, [Extended Data Table 1b](#T1){ref-type="table"}). The map for both states contained density for the entire ECD, TMD and a large region of the ICD ([Extended Data Fig. 3](#F8){ref-type="fig"}) and the overall 3D architectures are as seen previously with the Apo^[@R11]^.

Apo, State 1 and State 2 structures reveal distinct conformations of the pore ([Figs. 1a and 1b](#F1){ref-type="fig"}). Apo is constricted at multiple locations along the permeation pathway (Lys108/Asp105 in the ECD, Leu260 (L9′) and Glu250 (E-1′) in the TMD, and Arg416 in the ICD) to radii below \~2.76 Å (radius of a hydrated Na^+^ ion)^[@R12]^, reflective of its non-conductive conformation. While Leu260 in the middle of M2 is a part of the activation gate^[@R13]^, Glu250 at the intracellular end forms the selectivity filter^[@R14]^. Compared to Apo, State 1 shows an expansion of the pore at each of these constriction points. The radius at Leu260 is \~ 3.0 Å and the pore within M2 is narrowest at Ser253 (S2′) \~ 2.7 Å, suggesting that these locations may impede permeation of hydrated Na^+^ ion. On the other hand, State 2 has the widest pore among the three structures (\> 3.2 Å), notably at positions below Leu260 and extending all the way into the ICD, indicating a potentially conductive conformation. In comparison to Apo, the M2 helices are rotated clockwise by 7.5^º^ in State 1 and 13^º^ in State 2 and positioned outward ([Fig. 1c](#F1){ref-type="fig"}) with the Leu260 sidechains rotated away from the pore axis. Additionally, in State 2, the helix is bent at Ser253 and tilted 25^º^ away from the pore-axis at the level of Glu250 thereby creating a wider vestibule at the intracellular end of M2.

State 1 and State 2 reveal a distinct new density for serotonin at the neurotransmitter binding site located at the interface of two adjacent subunits ([Fig. 2a](#F2){ref-type="fig"}, right panels). Residues from Loops A, B, and C on the principal (+) subunit and Loops D, E, and F from the complementary (−) subunit^[@R15],[@R16]^ form a cage-like enclosure for serotonin ([Fig. 2a](#F2){ref-type="fig"}, left panels). In comparison to the outward or "open" orientation of Loop C in Apo, in both States 1 and 2, Loop C is in a closed position ([Fig. 2b](#F2){ref-type="fig"}), consistent with agonist-bound conformations of AChBP^[@R17]^. Several interactions between serotonin and binding-site residues (Trp156, Arg65, and Trp63) have previously been proposed^[@R18],[@R16],[@R19]^ and these residues are within 4 Å from serotonin in State1 and State 2.

A comparison with Apo reveals a global twisting of the ECD and TMD in serotonin-bound states ([Extended Data Fig. 4a](#F9){ref-type="fig"}). There is an overall counter-clockwise rotation of the ECD around the pore axis leading to major repositioning of individual interfacial loops ([Extended Data Fig. 4b](#F9){ref-type="fig"} and [Fig. 2b](#F2){ref-type="fig"}), similar to other pLGICs^[@R5],[@R20]^. As a result, buried areas between adjacent subunits are reduced in State 1 (3,096 Å^2^) and State 2 (2, 533 Å^2^) compared to Apo (3, 161 Å^2^). This change is also reflected in decreased inter-subunit interactions at the ECD-TMD and TMD-ICD interfaces transitioning from Apo-to-State 1-to-State 2 ([Extended Data Fig. 5](#F10){ref-type="fig"}). At the level of the TMD, serotonin induces a clockwise rotation with an expansion of the TM helices away from the pore axis ([Extended Data Figs. 4a bottom, 4c](#F9){ref-type="fig"}). An outward displacement of M2 is accompanied by a significant outward movement of the M2-M3 loop away from the inter-subunit interface ([Fig. 2c](#F2){ref-type="fig"}) which reduces its interactions with pre-M1 and β8-β9 loop in the neighboring subunit as seen in Apo ([Extended Data Fig. 5a](#F10){ref-type="fig"}).

The most striking difference among the three structures is the conformation of the ICD comprised largely of the M3-M4 linker. The MA (membrane-associated) helix^[@R21]^ in Apo and State 1 appears as a straight helix extending into M4. In State 2, the MA-M4 helix is bent (20^º^ with respect to MA) in the vicinity of Gly430 and appears as two separate helices that are tilted away from the pore axis^[@R3]^ ([Fig. 3a](#F3){ref-type="fig"} and [Extended Data Fig. 6](#F11){ref-type="fig"}) and thereby enlarging the central cavity at the TMD-ICD interface ([Fig. 1a](#F1){ref-type="fig"}). Gly430 may introduce greater flexibility at the hinge-point between MA and M4 helices. In Apo, the ion exit pathways are occluded at two different levels: (i) the post-M3 loop obstructs the lateral portals lined by MA-M4 helices ([Extended Data Fig. 5b](#F10){ref-type="fig"}). (ii) the MA helices form a tight bundle which sterically occludes ion permeation along the pore-axis ([Fig. 1b](#F1){ref-type="fig"} and [Extended Data Fig. 6](#F11){ref-type="fig"}). While in State 1 there are small conformational changes in these regions, there are dramatic protein motions transitioning to State 2. The post-M3 loop extends away from the MA-M4 helix and as a consequence, creates lateral portals with openings of dimensions 16.0 Å x 11.4 Å ([Figs. 3b and 3c](#F3){ref-type="fig"}). These portals are large enough to accommodate hydrated Na^+^ ions and thereby may serve as exit pathways for permeant ions ([Fig. 3b](#F3){ref-type="fig"}), consistent with the early predictions based on work in nAChR^[@R21]^ and 5-HT~3A~R^[@R22]^. The MX helix in Apo and State 1 lies parallel at the putative membrane-water interface and in State 2, it is displaced upward from the interface and as a consequence pulls the post-M3 loop away from the lateral portal. Additionally, the outward movement of MA disrupts the tight packing of the helical bundle structure thereby widening the pore in this region.

The electrostatic potential maps show that while the ion permeation pathway in the ECD and the TMD is lined predominantly by electronegative sidechains ([Fig. 3c](#F3){ref-type="fig"}), the ICD is lined by clusters of positively charged residues on the MA helix. In State 2, the entry ways to the lateral portals are lined by three key arginine residues (Arg416, Arg420, Arg424) from the MA helix ([Extended Data Fig. 6a](#F11){ref-type="fig"}) which are reported to be responsible for the unusually low single-channel conductance of 5-HT~3A~R (0.4--0.6 pS)^[@R23]^ through mechanisms involving steric occlusion and electrostatic repulsion^[@R22]^. As expected, mutations to the Arg sidechain significantly increase single-channel conductance (up to 40 fold)^[@R9]^. Previous studies have demonstrated that both the length and the sequence of the M3-M4 linker have significant effects on channel function^[@R10],[@R24]^ and several positions in MA regulate single-channel conductance^[@R22],[@R25]^, inward rectification^[@R10]^, gating, and desensitization^[@R10],[@R26],[@R27]^. Collectively, these studies in the light of the structures presented here, underscore the role of the ICD in many aspects of channel function.

To assess the conductance of Apo, State 1, and State 2, we performed molecular dynamics simulations on the structures inserted, *in silico*, within a phospholipid bilayer ([Fig. 4](#F4){ref-type="fig"}). An analysis of simulated water density along the pore axis suggests that Apo is closed to water, with two hydrophobic constrictions that are de-wetted (one at \~ −60 Å in the ICD, lined by hydrophobic residues Leu402, Leu406, and Ile409 on the MA helix and the other at \~ 0 Å around Leu260 in M2). In simulations performed with a transmembrane potential, no permeation events were observed for Na^+^ ions in this conformation. For State 1, similar energetic barriers for water were present along the pore. However, a small number of Na^+^ ions were observed to traverse the channel when simulated with a potential difference. State 2, on the other hand, did not present a barrier for water within the TMD and Na^+^ permeation events were observed throughout the simulations. However, the hydrophobic region at −60 Å was de-wetted almost entirely and Na^+^ ions failed to permeate this region. The ions instead exited the ICD through the lateral portals, consistent with the earlier predictions that these regions serve as exit pathways for ions^[@R21],[@R22]^ ([Supplementary Video 1](#SD3){ref-type="supplementary-material"}).

Overall, these findings reveal that Apo is non-conductive while State 2 represents a conductive conformation. Brief and infrequent permeation events observed for State 1 suggest that it may have low-conductance. A closer look at State 1 shows that the pore was de-wetted when the Leu260 sidechains were pointing-in (as seen in Apo) and the pore was hydrated when the sidechains were pointing-away ([Extended Data Fig. 7](#F12){ref-type="fig"}). Interestingly, Glu250 sidechains also underwent significant shifts in conformation leading to changes in the local pore-radius, sometimes reduced to \~2.4 Å when the Glu sidechains were pointing-in ([Extended Data Fig. 8](#F13){ref-type="fig"}). Therefore, based on these analyses we conclude that while being mostly non-conductive, sidechain fluctuations may allow a small conductance in State 1.

A comparison with representative pLGIC conformational states shows that, in general agreement, in the resting conformation, the hydrophobic extracellular half of M2 forms the activation gate with 9′ being the narrowest region, and in the desensitized conformation, the intracellular end is constricted ([Extended Data Fig. 9](#F14){ref-type="fig"}). However, notable differences in the extent of constrictions may reflect their inherent differences in gating kinetics, origin, or perhaps the nature of biochemical modification involved in determining these structures. Leu260 (9′) is conserved across pLGICs and our finding is consistent with its role in gating and desensitization^[@R28]--[@R30]^. At the intracellular end, Ser253 (2′) lines the narrowest region in State 1 and mutation to S253T shows serotonin-induced currents (10 µM) with remarkably slow kinetics of decay ([Figs. 5a and 5b](#F10){ref-type="fig"}). The narrow pore at this position is also in agreement with Cd^2+^ coordination studies ^[@R31]^. Glu250 (−1′) is the narrowest region in nAChR structure captured in a desensitized conformation^[@R4]^ and the sidechain shows extensive side-chain fluctuations in the State 1 MD simulations. We find that a charge-preserving mutation at this position (E250D) led to an enhanced desensitization ([Figs. 5a, and 5c](#F10){ref-type="fig"}). In State 2, Glu250 appears to be potentially interacting with His309 in M3 from the adjacent subunit ([Fig. 5d](#F5){ref-type="fig"}) and the H309S mutant also shows rapidly desensitizing currents ([Figs. 5c and 5d](#F5){ref-type="fig"}, bottom). There was no notable change in the desensitization of G249A consistent with findings that the M1-M2 linker has relatively minimal effect on desensitization^[@R27]^. Overall, these results are in agreement with the idea that the intracellular end of M2 plays an important role in ion selectivity and gating.

The Apo and serotonin-bound 5-HT~3A~R structures provide many new insights into the activation mechanism. Serotonin induces a global twisting in the ECD, TMD, and ICD leading to reduced inter-subunit interactions and greater solvent-exposed surfaces. The State 2 conformation features large protein motions in the ICD which widen the central cavity and open ion-exit pathways at the lateral portals and along the pore axis. The overall pore conformation suggests that State 2 likely represents a conductive, open state. We cannot unequivocally assign a functional state to the State 1 conformation, and it is unclear whether it corresponds to a pre-open, non-conducting intermediate or a desensitized state. Future studies are necessary to further evaluate this conformation and determine the significance of potential intermediate states in channel gating.

Methods {#S1}
=======

Cloning and functional measurements in oocytes {#S2}
----------------------------------------------

The gene encoding 5-HT~3A~R (purchased from GenScript USA Inc) was inserted into the pTLN vector for *Xenopus laevis* oocyte expression and confirmed by DNA sequencing. The DNA linearization was carried out by incubation with the *Mlu1* restriction enzyme overnight at 37 ^º^C. The mRNA synthesis was done using the mMessage mMachine kit (Ambion) as per manufacturer's instruction. The eluted mRNA was purified with RNAeasy (Qiagen), and injected (3--10 ng) into *Xenopus laevis* oocytes (stages V-VI). As a control to verify no endogenous currents were present, oocytes were injected with the same volume of water. The oocytes used in this study were kindly provided by Dr. Walter F. Boron. Female *Xenopus laevis* were purchased from Nasco. All animal experimental procedures were approved by Institutional Animal Care and Use Committee (IACUC) of Case Western Reserve University. Oocytes were maintained at 18 ^º^C in OR3 media (GIBCO BRL Leibovitz media containing glutamate, 500 units each of penicillin and streptomycin, pH adjusted to 7.5, osmolarity adjusted to 197 mOsm). Two electrode voltage-clamp experiments were performed at room temperature 2--5 days post injection on a Warner Instruments Oocyte clamp OC-725. The currents were sampled and digitized at 500 Hz with a Digidata 1332A and analyzed by Clampfit 10.2 (Molecular Devices). Oocytes were clamped at a holding potential of −60 mV, and currents were recorded in response to serotonin application. Solutions were changed using a syringe pump perfusion system flowing at a rate of 6 ml/min. The electrophysiological solutions contained 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl~2~, 1 mM MgCl~2,~ and 5 mM HEPES (pH 7.4, osmolarity adjusted to 195 mOsm). All chemical reagents were purchased from Sigma-Aldrich. For wt and mutants, the current decay was assessed by the ratio of the current measured at time =20 sec (from the start of ligand application) over peak current amplitude.

Cloning and transfection {#S3}
------------------------

Codon optimized mouse 5-HT~3A~R gene (NCBI Reference Sequence: [NM_001099644.1]{.ul}) was purchased from GenScript USA Inc and subcloned into pFastBac1 vector. The pFastBac1 vector includes four Strep-tags (WSHPQFEK) at the N-terminus, followed by a linker sequence (GGGSGGGSGGGS) and a TEV-cleavage sequence (ENLYFQG). The construct also includes a C-terminal 1D4-tag^[@R32]^. *Spodoptera frugiperda* cells (Sf9, Invitrogen) were cultured in ESF921 medium (Expression System) in the absence of antibiotics and incubated at 28 ˚C without CO~2~ exchange. Sub-confluent cells were transfected with recombinant bacmid DNA using Cellfectin II transfection reagent (Invitrogen) per manufacturer instructions. The cell culture supernatants were collected and centrifuged at 1,000 × *g* for 5 min to remove cell debris to obtain progeny 1 (P1) recombinant baculovirus 72 hr post-transfection. P2 viruses were obtained through consecutive round of Sf9 cells infection with P1 viruses. The supernatants (P2) were used to infect Sf9 cells, thus generating P3 viruses. These viruses (P3) were used for recombinant protein production.

Expression and purification of recombinant protein {#S4}
--------------------------------------------------

Recombinant protein production was performed by infection of approximately 2.5×10^6^ per ml Sf9 cells with P3 recombinant viruses. After 72 h post-infection, the cell media were harvested and centrifuged at 8,000 × *g* for 20 min at 4^o^C to separate the supernatant from the pellet. The cell pellet was then resuspended in 20 mM Tris-HCl, pH 7.5, 36.5 mM sucrose, and 1% protease inhibitor cocktail. Cells were disrupted by sonication on ice and non-lysed cells were removed by centrifugation (3000 × *g* for 15 min). The membrane fraction was separated by ultracentrifugation (167,000 × *g* for 1 hr) and solubilized with 1% C~12~E~9~ in a buffer containing 500 mM NaCl, 50 mM Tris pH 7.4, 10% glycerol, and 0.5% protease inhibitor by rotating for 2h at 4 °C. Non-solubilized material was removed by ultracentrifugation (167,000 × *g* for 15 min). The supernatant was collected and bound with 1D4 beads pre-equilibrated with 150 mM NaCl, 20 mM HEPES pH 8.0, and 0.01% C~12~E~9~ for 2 hrs at 4 °C. The beads were then washed with 100 column volumes of 150 mM NaCl, 20 mM HEPES pH 8.0, and 0.01% C~12~E~9~ (Buffer A). The protein was then eluted with Buffer A supplemented with 3mg/ml 1D4 peptide (NH~2~- TETSQVAPA-CO~2~H). Eluted protein was then concentrated and deglycosylated with PNGase F (NEB) by incubating 5 units of the enzyme per 1μg of the protein for 2 h at 37 °C under gentle agitation. Deglycosylated protein was then applied to a Superose 6 column (GE healthcare) equilibrated with Buffer A. The peak fractions around 13.9 ml were pooled and concentrated to 2--3 mg/ml using 50 kDa MWCO Millipore filters (Amicon) and used subsequently for cryo-EM studies.

Sample preparation and Cryo-EM data acquisition {#S5}
-----------------------------------------------

Functional characterization shows that serotonin-induced 5-HT~3A~R currents saturate at 30 μM and beyond^[@R11],[@R33],[@R34]^. Therefore, the 5-HT~3A~R protein (\~2.5 mg/mL) was filtered and first incubated with 100 μM serotonin for 30 min. After which, 3 mM Fluorinated Fos-choline 8 (Anatrace) was added and the sample was incubated until blotting^[@R35]^. The sample was blotted twice with 3.5 μL sample each time onto Cu 300 mesh Quantifoil 1.2/1.3 grids (Quantifoil Micro Tools), and immediately after the second blot, the grid was plunge frozen into liquid ethane using a Vitrobot (FEI). The grids were imaged using a 300 kV FEI Titan Krios microscope equipped with a Gatan K2-Summit direct detector camera. Movies containing 40-frames were collected at 130,000x magnification (set on microscope) in super-resolution mode with a physical pixel size of 0.532 Å/pix, dose rate of 3.754 electrons/pix/s, and a total exposure time of 12 seconds. Defocus values of the images ranged from −1.0 to −2.5 µm (input range setting for data collection) as per the automated imaging software Latitute S (Gatan Co.).

Image processing {#S6}
----------------

Beam-induced motion was corrected using MotionCor^[@R36]^ with a B-factor of 150 pix^[@R2]^. Super-resolution counting images were binned (2 X 2) in Fourier space, making a final pixel size of 1.064 Å. All subsequent data processing was conducted in RELION 2.1^[@R37]^. The defocus values of the motion-corrected micrographs were estimated using Gctf software^[@R38]^. Approximately, 3000 particles were manually picked from the 2810 micrographs and sorted into two-dimensional (2D) classes. The best of these classes were then used as templates for automated particle picking. A loose auto-picking threshold was selected to ensure no good particles were missed at this stage. This resulted in \~749,970 auto-picked particles that were subjected to 2D classification to remove suboptimal particles. An initial 3D model was generated from the Apo-5-HT~3A~R cryo-EM structure (PDB code: 6BE1) and low-pass filtered to 60 Å using EMAN2^[@R39]^. Multiple rounds of 3D auto-refinements and 3D classifications generated 5 good classes. Among them two classes (containing total of 115,992 particles) belonged to State 1 and the other three classes (containing a total of 25,547 particles) represented the State 2 conformation. Subsequent 3D re-classifications, auto-refinement, imposing C~5~ symmetry, and post-processing yielded State 1 and State 2 5-HT~3A~R structures with final total particles of 103,698 and 18,839, respectively. In the post-processing step in RELION, a soft mask was calculated and applied to the two half-maps before the Fourier shell coefficient (FSC) was calculated. The B-factor estimation and map sharpening were performed in the post processing step. An overall resolution of State 1 and State 2 was calculated to 3.32 Å and 3.89 Å, respectively (based on the gold-standard Fourier shell coefficient (FSC) = 0.143 criterion). Local resolutions were estimated using the RESMAP software^[@R40]^.

5-HT~3A~R model building {#S7}
------------------------

The map for State 1 and State 2 contained density for the entire ECD, TMD and a large region of the ICD. The final refined models comprised of residues Thr8-Ile332, Leu397-Ser461. The missing region (333--396) is of the unstructured MX loop that links the amphipathic MX helix^[@R6]^ and the MA (membrane-associated) helix^[@R21]^. The Apo-5-HT~3A~R cryo-EM structure (PDB-ID: 6BE1) was used as an initial model and aligned to the 5-HT~3A~R cryo-EM map calculated with RELION 2.1. Cryo-EM map was converted to the mtz format using mapmask and sfall tools in CCP4i software ^[@R41]^. The mtz map was then used for manual model building in COOT^[@R42]^. After initial model building, the State 1 and State 2 models were refined against their respective EM-derived maps using the phenix.real_space_refinement tool from the PHENIX software package ^[@R43]^, employing rigid body, local grid, NCS, and gradient minimization. The models were then subjected to additional rounds of manual model fitting and refinement, resulting in good final models to map cross-correlation ([Extended Data Table 1](#T1){ref-type="table"}). Stereochemical properties of the model were evaluated by Molprobity^[@R44]^.

Protein surface area and interfaces were analyzed by using PDBePISA server (<http://www.ebi.ac.uk/pdbe/pisa/>). To compare the Apo, State 1, and State 2 structures all ligands, ions, and water molecules were removed from the PDB files. Additional residues in the Apo-5-HT~3A~R structure were also removed before analysis so that surface area comparisons were made between identical construct lengths. Electrostatic surface potential calculations were carried out using the APBS tools plug-in PyMOL^[@R45]^. The pore profile was calculated using the HOLE program^[@R46]^. All the tunnels were calculated using Caver3.0 PyMOL plug-in with minimal tunnel radius of 2.8 Å^[@R47]^. Figures were prepared using PyMOL (The PyMOL Molecular Graphics System, version 2.0.4 Schrödinger, LLC)

Molecular dynamics simulations {#S8}
------------------------------

Each simulation cell (of approximate dimensions 13.5 × 13.5 × 19.5 nm^3^) contains the full-length receptor structure embedded in a phospholipid (POPC, i.e., 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphocholine) bilayer, with an aqueous solution of Na^+^ and Cl^-^ ions on either side. The protein-bilayer systems were assembled and equilibrated following a previously established protocol^[@R48]^ and the TIP4P water model^[@R49]^ was employed. Simulations were performed with GROMACS version 5.1^[@R50],[@R51]^, using the OPLS all-atom protein force field with united-atom lipids^[@R52]^, and at an integration time-step of 2 fs. A Verlet cut-off scheme was applied, and long-range electrostatic interactions were measured using the Particle Mesh Ewald method^[@R53]^. The temperature and pressure were maintained at 37 °C and 1 bar, respectively, using the velocity-rescale thermostat^[@R54]^ in combination with a semi-isotropic Parrinello and Rahman barostat^[@R55]^, with coupling constants of τ~T~ = 0.1 ps and τ~P~ = 1 ps. Bonds were constrained through the LINCS algorithm^[@R56]^, and an additional harmonic restraint at a force constant of 1000 kJ mol^−1^ nm^−2^ was placed on the protein backbone atoms to preserve the original conformational state of the cryo-EM structure.

For water free energy estimation, three 50 ns simulation replicates were each initiated from an independently assembled receptor-membrane system, containing NaCl at a concentration of 0.15 M. Using the Channel Annotation Package ([www.channotation.org](http://www.channotation.org/)), the equilibrium density of water molecules at successive positions along the central pore axis was measured, and free energy profiles were derived through an inverse Boltzmann calculation-based method^[@R57]^. For monitoring ion permeation events, a separate set of simulations, each of 100 ns duration and with 0.7 M NaCl included in the simulation cell, were conducted in the presence of a 0.2 V transmembrane potential difference. This was applied by imposing an external, uniform electric field across the simulation cell along the membrane normal direction. The field strength was of magnitude 0.05 V nm^−1^, with the cytoplasmic side having either negative or positive potential in different simulation runs.

Extended Data {#S9}
=============

![Data processing workflow.\
**a**, A representative micrograph of 5-HT~3A~R incubated with 100 μM serotonin in vitreous ice (top). Selected 2D classes showing various orientations (bottom). **b,** A schematic representation of the steps followed in data processing leading to 3.32 Å and 3.89 Å reconstructions of State 1 and State 2, respectively. Each subunit is shown in a different color for clarity. Classes within the boxes represent two distinct conformations. Based on the number of particles for each state, it appears that State 1 is more populated than State 2 under our current conditions.](nihms-1505507-f0006){#F6}

![Estimation of resolution and validation of the models.\
**a**, Fourier shell correlation (FSC) curves before (red) and after (blue) the application of soft mask in RELION for State 1 (left) and State 2 (right). The dashed line represents FSC of 0.143. **b**, For cross validation, FSC curves of the refined model versus summed map (full dataset, blue), refined model versus half map 1 (used during refinement, cyan), and refined model versus half map 2 (not used during refinement, purple) were calculated for State 1 (left) and State 2 (right). **c**, Local resolution of State 1 (left) and State 2 (right) reconstructions were estimated using ResMap program^[@R40]^.](nihms-1505507-f0007){#F7}

![Map correlation of State 1 and State 2.\
Various regions of the model (shown as a cartoon) and corresponding density map (mesh) around the residues are shown to validate the final model. Residues are depicted as sticks. The depicted regions in State 1 and the corresponding contour levels: Cys-loop (7.0σ), Loop C (8.0σ), Loop F (8.0σ), M2 (6.0σ), M2-M3 linker (7.0σ), M4 (6.5σ), MX helix (7.5σ) and MA helix (7.5σ). The depicted regions in State 2 and the corresponding contour levels: Cys-loop (8.5σ), Loop C (8.0σ), Loop F (8.0σ), M2 (6.0σ), M2-M3 linker (7.0σ), M4 (7.0σ), MX helix (7.0σ) and MA helix (6.0σ).](nihms-1505507-f0008){#F8}

![Serotonin-induced conformational changes in the ECD and TMD.\
**a**, A global alignment of the Apo structure with State 1 (left) and State 2 (right). The top panel shows the ECD and the bottom panel shows the TMD, both viewed from the extracellular end. The arrows indicate the direction of rotation with respect to the Apo state. State 1 and State 2 structures superimpose with Apo-ECD with an RMSD of 1.16 for State 1 and 1.41 for State 2 (residues 8--220). State 1, and particularly State 2, diverge significantly in the TMD and ICD (RMSD of 1.1 for State 1 and 4.24 for State 2 for residues 221--462). **b**, A side-view of the ECDs upon aligning State 1 and State 2 to the Apo state. **c**, A top view of the TMDs when aligned with respect to the ECD. The arrows show relative displacements in different regions of State 1 and State 2 with respect to Apo.](nihms-1505507-f0009){#F9}

![Inter-subunit interaction at the ECD-TMD-ICD interface.\
**a**, Inter-subunit interactions at the ECD-TMD interface in Apo, State 1 and State 2. **b**, Inter-subunit interactions at the TMD-ICD interface in the three states. The potential interactions were predicted as polar contacts in PyMOL. Interacting residues are shown as stick. Residue labels are color-coded based on their location. The Apo state has the largest buried surface area (31, 610 Å^2^) which progressively decreases going towards State 1 (30, 960 Å^2^) and then State 2 (25, 340 Å^2^).](nihms-1505507-f0010){#F10}

![The intracellular domain of State 2.\
**a,** A detailed view of the ICD with key residues shown in stick representation. Only two adjacent subunits are shown for clarity. The solvent-accessible vestibule in the ICD calculated using Caver3.0 ^[@R47]^ with a minimum cavity radius of 2.8 Å is shown as dark-cyan spheres. The positively charged residues lining the portal are shown as blue sticks. The negatively charged residues in the vicinity are shown in red-brown. Residues which form the hydrophobic patch at the N-terminal end of MA helix are shown as green sticks. Residues His309 (post-M3 loop) and Glu250 (M2) are in a potential interaction and shown in magenta. **b,** A zoomed view of the ICD to highlight the break in MA-M4 helices (highlighted in magenta) at Gly430. Glycine mediated TM helix distortion at (i-3 position) is well-studied^[@R58]^ and Gly430 may play a dynamic role at the hinge-point between MA and M4 helices. A similar bend in MA-M4 helix was previously observed in the *Torpedo* nAChR structure even in the absence of glycine at the equivalent position^[@R3]^.](nihms-1505507-f0011){#F11}

![Molecular dynamics simulations of State 1.\
**a**, Trajectories of water and Na^+^ ion coordinates within 5 Å of the channel axis inside the pore over 100 ns with a 0.2 V transmembrane potential difference, with the cytoplasmic side having a positive potential. Stretches of white regions indicate areas devoid of water or ions. **b**, Time-averaged radii along the central pore axis of State 1 structure during two 10 ns fractions of the simulation (within the boxed region of panel a) (top). The orange arrows indicate positions of Leu260. The dashed line indicates the approximate radius of a hydrated Na^+^ ion. Free energy profile of a water molecule along the central pore axis during the 10 ns window (bottom). The barrier at the Leu260 position disappears in the 45--55 ns time frame. **c**, Snapshots of pore conformation around Leu260 (shown in stick representation) during the corresponding time window. The widening of the pore radii and the disappearance of the barrier for water permeation is associated with the rotameric reorientation of the Leu260 sidechain (indicated by the arrow). **d**, An overlay of the pore radii from the two time windows. Changes at position Leu260 are marked by the arrow. **e**, Snapshot of pore conformation around Leu260 as a Na^+^ ion (purple) is passing through, with two Leu260 sidechains rotated away (indicated by \*). Three independent simulations were run.](nihms-1505507-f0012){#F12}

![Snapshots of the State 1 pore conformation from the MD simulation.\
**a**, Sidechain orientations of Leu260 and Glu250 during different time points (indicated above) in the simulation. **b**, The corresponding pore radii profiles. The positions of Glu250 and Leu260 are highlighted.](nihms-1505507-f0013){#F13}

![Comparison of pLGIC pore profiles.\
Pore profiles calculated using the HOLE program^[@R46]^ for the M2 region of nAChR (PDB ID: 5KXI)^[@R4]^, β3-GABA receptor (PDB ID: 4COF)^[@R7]^, GluCl (Apo- PDB ID: 4TNV^[@R59]^ and ivermectin-bound- PDB ID: 3RHW^[@R60]^), GlyR (strychnine-bound- PDB ID: 3JAD, glycine-bound- PDB ID: 3JAE, and glycine/ivermectin-bound- PDB ID: 3JAF)^[@R5]^ and 5-HT~3A~R (Apo- PDB ID: 6BE1^[@R11]^, State 1- PDB ID: 6DG7, and State 2- PDB ID: 6DG8). Only two M2 helices are shown as ribbon for clarity. Pore facing residues are shown as stick representation. Green and magenta spheres define radii of 1.8--3.3 Å and \> 3.3 Å, respectively.](nihms-1505507-f0014){#F14}

###### 

Sequence of mouse 5-HT~3A~R used in the cryo-EM study and the data on cryo-EM and refinement. **a,** Full length mouse 5-HT~3A~R sequence used in the cryo-EM study. Regions in the sequence highlighted in green, blue, gray, and yellow represent strep-tag, linker, TEV cleavage site, and 1D4-tag, respectively. Secondary structural elements as seen in State 1 are plotted above the sequence. Loops in gray color are not seen in the final refined structure. All the important loops, sheets, and helices are labeled. Glycosylation sites are marked as blue arrows. Key residues within the serotonin-binding sites are highlighted in brown color. Cysteines present in the cys-loop are shown as cyan color. Pore-facing residues in M2 are shown in green color. Arg416 in the ICD is shown in red. b, Cryo-EM data collection, refinement and validation statistics.

  a                                                                       
  ---------------------------------- ------------------------------------ --------------------------
                                     **Data collection and processing**   
  Magnification                      130,000x                             
  Voltage (kV)                       300                                  
  Electron exposure (e-/Å^2^)        40                                   
  Defocus range (µm)                 −1.0 to −2.5                         
  Pixel size (Å)                     0.532                                
  Symmetry imposed                   C5                                   
  Initial particle images (no.)      749,970                              
  Final particle images (no.)        103,698                              18,839
  Map resolution (Å)                 3.32                                 3.89
   FSC threshold                     0.143                                0.143
  **Refinement**                                                          
  Initial model used (PDB code)      6BE1                                 6BE1
  Model resolution (Å)               4.31                                 4.31
   FSC threshold                     0.143                                0.143
  Map sharpening *B* factor (Å^2^)   −50                                  −50
  Model composition                                                       
   Non-hydrogen atoms                16,720                               16,715
   Protein residues                  16,175                               16,175
   Ligands                           545                                  540
  *B* factors (Å^2^)                                                      
   Protein                           154.41                               244.56
   Ligand                            133.45                               169.20
  R.m.s. deviations                                                       
   Bond lengths (Å)                  0.004                                0.004
   Bond angles (°)                   1.032                                1.031
  Validation                                                              
   MolProbity score                  1.53 (94^th^ Percentile)             1.56 (94^th^ Percentile)
   Clashscore                        3.40 (97^th^ Percentile)             4.89 (94^th^ Percentile)
   Poor rotamers (%)                 1.27                                 0.55
  Ramachandran plot                                                       
   Favored (%)                       95.61                                95.61
   Allowed (%)                       4.39                                 4.39
   Disallowed (%)                    0.00                                 0.00
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Accession Numbers-The coordinates of the 5-HT~3A~R structure and the Cryo-EM map has been deposited under PDB ID: 6DG7 (State 1) and 6DG8 (State 2); EMD ID: EMD-7882 (State 1) and EMD-7883 (State 2) with the wwPDB and EMDB. All relevant data are available from the authors.

![Ion permeation pathway.\
**a**, The profile of ion permeation pathway for the full-length 5-HT~3A~R in the Apo state (salmon red) and in the two serotonin-bound conformations, State 1 (teal) and State 2 (yellow). For clarity, the cartoon representation is shown only for two subunits. Green and blue spheres define radii of 1.8--3.3 Å and \> 3.3 Å, respectively. Position at which the pore is constricted below 2.76 Å radius in the Apo state is shown as sticks. **b,** The pore radii is plotted as a function of distance along the pore axis. The dashed line indicates an approximate radius of a hydrated Na^+^ ion^[@R12]^. **c,** Side (left) and top view *(right)* of the pore-lining M2 helices from a superpositioning of the Apo, State 1 and State 2 structures.](nihms-1505507-f0001){#F1}

![The serotonin-binding site and global conformational differences between the Apo and serotonin-bound states.\
**a**, Top, the State 1 map (contoured at 10σ) is shown around the side chain of residues at the subunit interface that constitute the serotonin-binding site (left). The density map (7.5 σ) for serotonin in State 1 (right). Bottom, the State 2 density map for the residues (9 σ) and serotonin (7.5 σ). **b**, A comparison of the ECDs of Apo with State 1 (left) and State 2 (right) when aligned with respect to the TMD. The arrows indicate the direction of displacements between the two structures. **c**, A view of the (−) subunit TMDs from the extracellular end when aligned with respect to the ECDs of the (+) subunit. A comparison is made for State 1 with Apo (left) and State 2 with Apo (right).](nihms-1505507-f0002){#F2}

![Opening of the lateral portal for ion exit.\
**a**, An alignment of Apo, State 1 and State 2 structures. The TMD and ICD are shown for two adjacent subunits. The arrows show the direction of relative movements of the helices. **b**, The solvent-accessible vestibule in the ICD of State 2 was calculated with a minimum cavity radius of 2.8 Å. One of the subunits in the surface representation is removed for clarity. The plausible ion exit pathways are indicated by dotted arrows. **c**, The solvent-accessible electrostatic potential map generated using the APBS tool. The inset shows a zoomed-in view of the ICD to highlight the progressive opening of the lateral portal from the Apo structure to State 2. Residues Arg416, Arg420, and Arg424 (shown in stick representation) are implicated in regulating the single channel conductance of 5-HT~3A~R.](nihms-1505507-f0003){#F3}

![Molecular dynamics simulations of Apo, State 1, and State 2 structures.\
Each structure was subjected to three 50 ns equilibrium simulations, with the replicates initiated from separately assembled protein-membrane systems. Radius and energy profiles were calculated for each simulation (using the final 40 ns of the trajectory, with a sampling interval of 0.5 ns) and averaged across replicates. For each structure, its mean profiles and the one-standard-deviation range between calculations (n = 3) are shown as gray band. **a**, Averaged radii along the central pore axis. The dashed line indicates the approximate radius of a hydrated Na^+^ ion. **b**, Corresponding free energy profiles of a water molecule along the central pore axis. **c**, Trajectories of water and Na^+^ ion coordinates within 5 Å of the channel axis inside the pore over 100 ns with a 0.2 V transmembrane potential difference, with the cytoplasmic side having a negative potential. White stretches indicate regions devoid of water and ions. The energetic barriers due to the ring of L260 and Ile409 are at z \~ 0 Å and −60 Å, respectively. One of three independent 100ns replicates is shown for each structure.](nihms-1505507-f0004){#F4}

![Functional characterization of mutations at the pore-lining positions.\
**a**, Two electrode voltage-clamp (TEVC) recording (at −60mV) of wt 5-HT~3A~R, G249A, E250D and S253T mutants expressed in oocytes. Currents were elicited in response to application of 10 µM serotonin (duration of serotonin application shown as an orange line). **b**, Positions of the mutated residues in M2 (ribbons) are shown as stick representation on two subunits in Apo, State 1, and State 2. **c**, A plot of the ratio of current measured at t = 20 sec over the peak current amplitude. The number of individual oocyte recordings are indicated in parenthesis. The mean value is shown as a horizontal line and SD as error bars. The significance (P-values) from two sample t-test for mutants and wt at 95% confidence level: E250D (0.0003), S253T (9.6E-11), and H309S (0.0002), indicated by \*\*\*. **d**, The interaction between Glu250 and His309 from two adjacent subunits as seen from the extracellular end (top). TEVC recording of 10 µM serotonin-induced current for the H309S mutant (bottom).](nihms-1505507-f0005){#F5}
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